Direct numerical simulation of spatially evolving compressible boundary layer over a blunt wedge is performed in this paper. The free-stream Mach number is 6 and the disturbance source produced by wall blowing and suction is located downstream of the sound-speed point. Statistics are studied and compared with the results in incompressible flat-plate boundary layer. The mean pressure gradient effects on the vortex structure are studied.
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pers. According to Maeder et al. [2] , the maximum turbulent Mach number for the boundary layer with 6 M ∞ = is 0.45, and Morkovin's theory is not valid. Both Guarini and Maeder used temporal mode in their numerical work. Rai et al. [3] performed DNS for spatially evolving flat-plate boundary at free stream Mach number 2.5, and studied the statistics of turbulence.
Most of the DNS work conducted is of flat-plate boundary layer. But the boundary layer of a blunt body is more interesting in aeronautics and astronautics. The prediction of laminar-turbulent transition in hypersonic boundary layers is a critical part of the aerodynamic design and control of hypersonic vehicles [4] . Zhong et al. [4] performed numerical simulation of leading-edge receptivity to freestream disturbance waves for hypersonic flow over a body with parabolic shape, but the simulation w as limited to two-dimensional. Laurien [5] performed analysis and DNS of boundary layer of a re-entry capsule. But the DNS in Laurien's work is on temporal evolving flat-plate boundary layer. There is still no DNS work on the turbulent boundary layer of a blunt body.
Direct numerical simulation of spatially evolving compressible boundary layer over a blunt wedge with the free stream Mach number 6 is performed in this paper. The disturbance source produced by blowing and suction is located at the wall downstream of the sound-speed point. Statistics are studied and compared with the result for incompressible flat-plate boundary layer. The mean pressure gradient effects on the vortex structure are studied. Because of existence of bow shock, the turbulent Mach number in turbulent boundary layer is not high, and the compressible effects are not significant. It is also found that near-wall disturbance is strongly suppressed in the near nose region of the blunt wedge, but the suppression of far-from-wall disturbance is not significant.
Numerical simulation
A schematic diagram of supersonic flow over a blunt wedge is shown in fig. 1 . The half wedge angle is θ, and free stream Mach number is defined as , Muc ∞∞∞ = and the Reynolds number is . ReuR ρµ ∞∞∞ = We suppose that the temperature on the wall T w is constant. The flow parameters are given in table 1. At the first step, numerical simulation of two-dimensional steady laminar flow is performed, and the numerical results are used in the initial condition and the inlet and outer boundary condition of three-dimensional computation.
Numerical simulation of two-dimensional flow
At the first step, two-dimensional steady flow is numerically simulated. The governing equations are the two dimensional compressible Navier-Stokes equations, and no www.scichina.com slip boundary conditions are used at the wall. The uniform free flow condition is used at the outflow, the symmetry condition is used in the symmetry plane, and the no-reflex outflow condition is used at the outflow boundary.
The viscous terms of the Navier-Stokes equations are discretized with 6th order central difference approximation. The flux vector splitting is adopted for the convection terms. The 5th order WENO schemes [6] are used to approximate convection terms. The grid number is 1080 380.
Contours of pressure in the two-dimensional steady flow are shown in fig. 2 , from which a bow shock over the blunt wedge can be seen clearly. Contours of Mach number are shown in fig. 3 . Form this figure we can see that the maximum Mach number inside the bow shock is 2.5, which is much less than the free-stream Mach number. Because of existence of bow shock, the turbulent Mach number in turbulent boundary layer is not so high, and the compressible effects are not significant. Fig. 4 shows the pressure distribution along the wall, where the abscissa is α (the definition of α is shown in fig. 1 ), and the ordinate is p/p . In fig. 4 , the solid line denotes computational results and symbols denote the results in ref. [7] for the case of M = 6 flow over a column. When M = 6, the sound-speed-point is located at the head of the blunt wedge, so the wall pressure of the head is very close to the wall pressure of the column. From this figure we can see the two results agree with each other very well.
There is curvature discontinuity at the edge between the head and the body of the blunt wedge, and this curvature discontinuity has some effects on the flow. Fig. 5 shows the wall pressure near the curvature discontinuity point (α = 84°, x = −0.105). There is very strong favorable pressure gradient at the nose of the blunt wedge, and there is adverse pressure gradient at the body of the blunt wedge.
Three-dimensional simulation
The 3-D computational domain (see fig. 1 ) is shown in table 2. The governing equations are Jocabian-transformed Navier-Stokes equations [9] , and Sutherland equation is used to calculate the viscous coefficient. The viscous terms of the Navier-Stokes equations are discretized with a 6th order central difference. The flux vector splitting is used for the inviscous terms, and 7th order accurate upwind-biasing difference approximations are used to discretize the inviscous terms. Three-order Range-Kutta method is used for time advancing. Non-slip and isothermal boundary conditions are used at the wall. The density, velocity and temperature are invariable at the inlet boundary and outer boundary, and the values are obtained from two-dimensional simulation. Supersonic non-reflecting outflow boundary condition is used at the outlet section.
The blow and suction disturbance is imposed at the wall of −0.5735 x −0.5062, and the form of the disturbance is shown as follows: 
Result analysis
The two-dimensional steady flow is used as the initial condition of three-dimensional computation, and three-dimensional computation is performed until the turbulence reached equilibrium.
Averaged velocity and temperature of three sections near the inlet are shown in fig.  6 and fig. 7 , respectively. The three sections are all normal to the wall and located at x= 0.628, −0.604 and −0.580 (the streamwise index of computational grid in i = 10, 20 and 30, respectively). In the two figures and the remainder of the paper, y denotes the vertical distance to the wall. It can be seen that the thickness of velocity boundary layer in the inlet is 0.004 and thickness of the temperature boundary layer is 0.0005. Fig. 9 shows the skin friction in the streamwise direction. It can be seen that skin friction increases fast in the transition region. The skin friction is defined as 2 
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, u v w + + Fig. 9 and fig. 10 show that transition occurs soon after the disturbance zone, and then transition is depressed at the head of the blunt-wedge, and finished at the body of the blunt-wedge. Fig. 11 shows the mean Van Driest velocity profile [3] normalized by wall-shear velocity at x = 1.0. The computed results obey the wall law and log law. The log law is expressed as 1 ln ,
Because of existence of stream pressure gradient, the coefficient C is different from that in the incompressible flat-plate boundary layer where C = 5.5. function of the vertical distance to the wall. We can see that the peak RMS is located at y + = 20. In the near-wall zone rms rms rms
, which means that the turbulence is strong anisotropic near the wall. In the far-from-wall zone, difference between , rms u′ rms v′ and rms w′ is not large, which means that the turbulence in the far-from-wall zone is nearly isotropic. location x = 1.0 as a function of vertical distance to the wall y. It can be seen that the peak of the turbulent Mach number equal to 0.29 is located at y + = 20, which is much less than 0.45 in the flat-plate boundary layer for the same free stream Mach number M = 6. This is because of existence of strong bow shock out of the boundary layer. Fig. 14  and fig. 15 show the normalized turbulence intensities and normalized Reynolds shear stress at x = 1.0, where the symbols denote the experiment data for incompressible flat-plate boundary. Because the turbulent Mach number is not so high, the difference between those two data is not significant. Fig. 16 shows the isosurface of streamwise vorticity ω s = 80 at 0.03 x 0.23, from which coherent structure can be seen in the transition region. Fig. 17 shows turbulent intensity rms V ′ at y = 0.00020, 0.00043, 0.00102 and 0.00180 (y + = 4.2, 9.1, 21.2 and 37.6) as a function of streamwise coordinate x. We can see that the turbulent intensity increases fast after the disturbance zone, and it means that transition occurs, and then the turbulent intensity is depressed at the head of the blunt-wedge (x < −0.1), and the transition is finished at the body of the blunt-wedge. This figure shows that the near-wall disturbance is strongly suppressed at the nose of the blunt wedge, but the suppression of disturbance at the nose of the blunt wedge far from the wall is not significant.
Spanwise vorticity contours on the plane y = 0.0002, 0.00043, 0.00102 and 0.00180 www.scichina.com are shown in figs. 18 21, in which the near-wall streaky structures can be seen clearly. Fig. 18 shows that at x = −0.1, the near-wall streaky structures are depressed, and this depression is not strong in the zone far from wall.
Streamwise vorticity contours on the plane y = 0.0002, 0.00043, 0.00102 and 0.00180 are shown in figs. 22 25, from which we can see that streamwise vorticity is depressed at x = −0.1, and the depression is strong in the near-wall zone. 
Conclusion
In this paper, DNS of turbulent boundary layer of supersonic flow of M = 6 over a blunt wedge is performed, and the following conclusions are drawn. 1) Because of the bow shock out of the boundary layer, the turbulent Mach number www.scichina.com in the turbulent boundary layer is not very high, and the turbulent Mach number is much less than that in the flat plate boundary layer.
2) Because the turbulent Mach number is not high, the compressible effects are not significant.
3) In this flow, transition begins at the head of blunt wedge, and then the transition is depressed. Transition is finished at the body of the wedge. The near-wall disturbance is depressed strongly.
Discussion
From figs. 10, 17 and 18 25, we can see that the transition is very fast, so it may be a bypass transition. We will study this transition later. It is also found that the base frequency has strong effect on transition, and high frequency disturbance will not generate transition.
